Doped graphene emerges as a strong contender for active plasmonic material in mid-infrared wavelengths due to the versatile external control of its permittivity function and also its highly compressed graphene surface plasmon (GSP) wavelength. In this paper, we design active plasmonic waveguide devices based on electrical modulation of doped graphene nanoribbons (GNRs) on a voltage-gated inhomogeneous dielectric layer. We first develop figureof-merit (FoM) formulae to characterize the performance of passive and active graphene nanoribbon waveguides. Based on the FoMs, we choose optimal GNRs to build a plasmonic shutter, which consists of a GNR placed on top of an inhomogeneous SiO 2 substrate supported by a Si nanopillar. Simulation studies show that for a simple, 50 nm long plasmonic shutter, the modulation contrast can exceed 30 dB. The plasmonic shutter is further extended to build a four-port active power splitter and an eight-port active network, both based on GNR cross-junction waveguides. For the active power splitter, the GSP power transmission at each waveguide arm can be independently controlled by an applied gate voltage with high-modulation contrast and nearly equal power-splitting proportions. From the construct of the eight-port active network, we see that it is possible to scale up the GNR cross-junction waveguides into large and complex active waveguide networks, showing great potential in an exciting new area of mid-infrared graphene plasmonic integrated nanocircuits.
INTRODUCTION
There is great scientific and technological interest in the midinfrared spectral range of 2-20 μm recently. This spectral range enables several applications in photonics, such as spectroscopy, materials processing, chemical and biomolecular sensing, remote explosive detection, and covert communication systems [1] . Moreover, the mid-infrared spectral region is also attractive for the study of plasmonic devices, opening up possibilities of integration with electronic designing devices with active control over the surface plasmon resonance at metal/ dielectric interfaces [2] [3] [4] [5] . However, due to the metal's relatively weak refractive index change with electrical-bias, mechanical force, or temperature, the active control of metal-based plasmonics is challenging [6] . As such, most of the current active metal-based plasmonic devices require an active dielectric medium [7, 8] , which are often inefficient due to their weak nonlinear material properties, leading to the necessity of dimensionally long devices. Recently, graphene, a 2D material with one atomic thickness, is a promising candidate for active plasmonic material [9] . In the mid-infrared wavelengths, when graphene is doped with a certain electron or hole concentration, it is demonstrated theoretically [10] [11] [12] [13] and experimentally [14] [15] [16] that graphene surface plasmons (GSP) can exist. Graphene is an excellent platform for plasmonic devices owing to its large active-control of its permittivity function that is not seen in noble metals [17] . Furthermore, graphene plasmonic devices are very compact due to the highly compressed GSP wavelength [9, 12] and demonstrates active waveguide-based switching [18] [19] [20] as well as low sharp-bend losses [21] , which could lead to an exciting new area of research in mid-infrared graphene plasmonic nanocircuits. In this paper, we first investigate the propagation characteristics of doped graphene sheets and nanoribbons to determine the best GSP parameters to be used for the construction of the active waveguides. We will then use these GSP parameters to design ultracompact and high-contrast active waveguide devices, including plasmonic shutters, active power splitters, and active plasmonic waveguide networks.
PROPAGATION CHARACTERISTICS OF DOPED GRAPHENE SHEETS AND NANORIBBON WAVEGUIDES
A. Graphene Sheets To describe the optical properties of the graphene monolayer, we first obtain the dynamic conductivity of the graphene sheet, σω, which is derived from the Kubo formula [10, 11] . It consists of an intraband contribution:
and an interband contribution:
under the condition k B T ≪ jμj, where i is the imaginary unit, e is the charge of the electron, μ is the chemical potential, ℏ is the reduced Planck's constant, ω is the radian frequency, τ 0.5 ps is the relaxation time, k B is the Boltzmann constant, and T is the temperature. From here we can deduce the existence of two modes: the transverse-magnetic (TM) GSP mode, which is supported when μ > 0 and Imσ intra > 0; and the transverse-electric (TE) mode, which is supported when Imσ inter < 0 and jμj < ℏω∕2 [10] . It is noted from Eqs. (1) and (2) that by controlling μ, we would be able to change the optical conductivity of graphene. As a result, it enables switching between the supported and unsupported GSP modes in a graphene sheet. μ can either be controlled by chemical doping [22] or via an electric-field according to the equation [17, 23] μ ℏv
where v F 10 6 m∕s is the Fermi velocity, ε is the dielectric spacer relative permittivity, ε 0 is the free-space permittivity, and E is the electric field. The obtained graphene conductivity can be used to define the GSP wave vector:
where k 0 is the free-space wave vector, and η 0 377Ω is the intrinsic impedance of free space. This parameter is then used to define the GSP wavelength, λ GSP 2π∕Reβ and also the GSP propagation length, L GSP 1∕Imβ. Taken together, the figure-of-merit (FoM) for GSP propagation on a graphene sheet can be defined, which is given as [13] 
FoM 1 is plotted in Fig. 1 (a) over a spectrum of free-space wavelength λ 0 and chemical potential μ. It is noticed that the best-performing FoM 1 values generally occur at short λ 0 with high μ. However, this does not give a good picture of the trade-offs in constructing such highly doped graphene, given the complexity of achieving high chemical doping [24] , or the enormous electric-field needed to achieve such high μ as presented in Eq. (3). As such, we offer an improved FoM definition, which is normalized by the chemical potential and given as
FoM 2 as a function of λ 0 and μ is plotted in Fig. 1(b) . Indeed, FoM 2 shows that the performance of GSP propagation at short λ 0 and high μ is on par with those at long λ 0 and low μ. As such, one has a choice of designing low-doped or low-powered graphene plasmonic devices in the mid-infrared regime.
The two FoMs presented above are for passive waveguides. For active waveguides, we need to take into account the switching performance of the graphene. Similar to most optical modulators, there are two modulation schemes for graphene as well; namely, the phase modulation scheme, with FoM given as
and the absorption modulation scheme, with FOM given as
Both FoM 3 and FoM 4 are plotted in Figs. 1(c) and 1(d), respectively. It is observed that the switching performance for both schemes is particularly good in the low μ regime. Considering the FoMs for both passive and active waveguides, the best waveguide performance occurs for operating wavelengths between 6 and 10 μm and μ below 0.3 eV. Here, we will be using λ 0 10 μm and μ 0.2 eV as the reference operating wavelength and chemical potential for all the graphene plasmonic devices discussed here.
B. Graphene Nanoribbons
The GSP propagation on finite width graphene nanoribbons (GNRs) is very different from those on infinite graphene sheets. For example, a λ 0 10 μm GSP propagating on a μ 0.2 eV doped freestanding graphene sheet yields λ GSP ≈ 200 nm and L GSP ≈ 2.6 μm. However, results in Fig. 2 (a) obtained from mode simulation using C. S. T. Microwave Studio show that λ GSP and L GSP strongly depend on the ribbon width and significantly differ from their graphene sheet values. Also, due to the emergence of edge modes-as described in detail in [25, 26] -the fundamental propagation mode is no longer a pure TM mode, but now a quasi-TEM mode. This is shown in Figs. 2(c) and 2(d), whereby the propagation mode of a 30 nm wide GNR consists of a z and y direction electric-field component. At very narrow GNR widths, λ GSP is further compressed down by more than two times due to strong coupling between the edge modes. Therefore, the FoMs are also width dependent, as observed in Fig. 2(b) . Both passive and active waveguides have good FoMs in the GNR width range from 30 to 50 nm. For the subsequent designs of active GNR waveguides, we will adopt a GNR width of 30 nm throughout. λ GSP and L GSP for this freestanding GNR are ∼120 nm and ∼1.9 μm, respectively.
DESIGN OF GRAPHENE PLASMONIC DEVICES
We designed the graphene plasmonic devices by 3D full-wave simulation as follows using C. S. T. Microwave Studio. However, since graphene is a 2D material, we could not directly apply the graphene parameters (such as surface conductivity and GSP wave vector) into the software. Instead, we employed a special technique to model graphene in a 3D simulation software environment, which was first introduced by Vakil and Engheta [12] . By defining a certain thickness Δ of graphene, (e.g., Δ 1 nm), the "pseudo" bulk conductivity can be defined as σω∕Δ, and thus the pseudo permittivity also can be defined as εω 1 iσω∕ε 0 ωΔ. The permittivity values can thus be used as material parameters in C. S. T. Microwave Studio. The obtained permittivity values were used strictly in conjunction with the defined thickness value. Using this technique, we found that our simulation results for graphene sheets matched well with the results from analytical formula.
A. Graphene Plasmonic Shutter
We first design a graphene plasmonic shutter, which consists of a GNR placed on top of an inhomogeneous silicon dioxide (SiO 2 ) dielectric layer [12] . The schematic in Fig. 3 shows that the GNR is placed on a silicon-on-insulator (SOI) substrate, where a silicon (Si) nanopillar of 30 nm × 50 nm × 100 nm is located at the middle section and surrounded by SiO 2 cladding medium. The GNR is separated by a 10 nm gate oxide gap from the Si nanopillar. The GNR can be chemically doped to the chemical potential level of μ 0.2 eV [22] , so that under an unbiased condition, GSP can propagate through the waveguide. Since the GNR is not freestanding and sits on SiO 2 ∕Si (ε 2.1∕11.7 [27] ) stack, λ GSP is further scaled down to ∼80 nm. During the modulation process, we apply gate voltage to reduce the chemical potential of graphene to the propagation cutoff. The intensity plot in Fig. 3 obtained from simulation shows that the application of a bias voltage on a 50 nm long (<λ GSP ) GNR (e.g. biasing to μ 0.05 eV and hence Δμ −0.15 eV or E 0.143 V∕nm) can modulate the GSP transmission by >30 dB contrast. The obtained result is consistent with the graphene plasmonic modulator reported in [28] .
We note that the presence of the Si nanopillar just 10 nm below the GNR layer causes an abrupt change in the effective refractive index at the middle of the waveguide. In this portion of the GNR waveguide, the GSP is more confined compared to the rest of the waveguide; hence the intensity is higher in this region as observed from the intensity plot for the unbiased-state. This also induces a slight reflection loss of 0.3 dB. Increasing the gate-oxide gap thickness might reduce this effect, but at the expense of increasing the applied gate voltage.
In the biased state, because the middle section of the GNR is at the propagation cutoff state, there is a large reflection of 2 dB induced, which can be seen from the intensity peak from Fig. 3 at x 125 nm, right at the interface between two GNRs with different chemical potential levels. This reflection, if not circumvented, would greatly affect the performance of the GNR power splitter, which will be discussed in the next section.
B. Active Power Splitter Based on Graphene Nanoribbon Cross-Junction Waveguides
In this section, we further expand the idea of the plasmonic shutter to build a four-port active power splitter based on a GNR cross-junction waveguide [29] . The four-port active power splitter is illustrated in Fig. 4(a) . GSP entering the input port (port 1) would be split evenly into the three output ports. The Si nanopillars, each having a dimension of 30 nm × 50 nm × 100 nm, are electrically isolated at the junction so that the cross-junction waveguide arms can be individually controlled, as shown in Fig. 4(b) . The separation distance between two adjacent Si nanopillars consists of a total buffer and junction length of 2 × L b 30 nm. In this proposed active power splitter, the GNR is doped to μ 0.2 eV to enable the GSP propagation in the unbiased state. By applying an appropriate gate voltage across an individual waveguide arm, the chemical potential is reduced to 0.05 eV, and thus the waveguide arm transmission is switched to cutoff.
The active waveguide arms are not directly connected to the junction. Instead, they are separated by a buffer zone, which has a buffer length L b from the junction. The buffer zones are required for optimal GSP power splitting during the modulation of the waveguide arms. It reduces the reflection and minimizes the imbalance between the splitting proportions for the transmitting outputs. When one or more of the waveguide arms are switched off, there is still a slight protrusion of L b from the junction that remains transmitting and hence forms a stub-like structure, as is illustrated in the z direction electric-field maps in Figs. 5(a)-5(e). We have enlarged the electric-field map of Fig. 5(e) into Fig. 5(f) to clearly show the formation of the stub-like structures when two waveguide arms are switched off. These plasmonic stub-like structures optimize the phase matching to reduce reflections and maximize the power transmission over the other output arms when one or more waveguide arms are switched off [30, 31] .
In Figs. 5(a)-5(e), we also show the transmitted power at the output ports as a function of buffer length L b with respect to five cases; namely (a) all-transmitting output ports, (b) transmitting port 2 only, (c) transmitting ports 2 and 3, (d) transmitting ports 3 and 4, and (e) transmitting port 3 only. It is noticed from the power distribution plots that without an optimized buffer zone, switching off individual or multiple waveguide arms would, in some situations, unbalance the power-splitting proportion among the other waveguide arms and also reduce the transmission intensity as a result of reflection. Analyzing the results plotted in Fig. 5 , the best buffer lengths L b occur from 15-35 nm (shaded region), whereby most of the output power transmission intensities converge and are at maximum.
C. Cross-Junction Active Waveguide Networks
The cross-junction waveguide can be further scaled up to a large array of waveguide networks [32] . We show a few examples of GSP routing in an eight-port network in Figs. 6(a)-6(c), which consists of a 2 × 2 square array of cross-junction waveguides. Similar to the modulation scheme as aforementioned, the GNR is doped to μ 0.2 eV to allow GSP propagation in the unbiased state. Then, applying gate-voltages to individual arms, the chemical potential is lowered to 0.05 eV, and hence GSP transmission is switched to cutoff. This enables the routing of GSP from the input port to the specific output port with very good modulation contrast. The active GNR waveguide network opens a potential possibility to design active and ultracompact cascading power splitters, multiplexers and demultiplexers for multichannel communications. 
CONCLUSION
We have built active plasmonic waveguide devices, including plasmonic shutters and active cross-junction waveguide networks, with doped GNR. FoMs are developed to evaluate the optical performance of passive and active graphene sheets and nanoribbon waveguides. Based on the FoMs, we chose 10 μm as a suitable operating wavelength, a 30 nm GNR width and 0.2 eV chemical doping level to build active GNR waveguide devices. We first design a GNR plasmonic shutter, where the modulation of a 50 nm long (<λ GSP ) GNR on top of a 30 nm × 50 nm × 100 nm Si nanopillar exhibits a modulation contrast exceeding 30 dB. The concept of the plasmonic shutter is used in the design of a four-port active GNR crossjunction waveguide power splitter, where each waveguide arm can be independently switched on or off with high modulation contrast. The power splitter shows nearly equal powersplitting proportions even during modulation, which is achieved by the use of plasmonic stub-like structures for phase matching. The cross-junction waveguide can be further scaled up into an array of GNR waveguide networks, which, for example, can be used as an eight-port active cascaded power splitter, with independent control for each of the eight waveguide arms. Owing to the highly compressed λ GSP , the GNR waveguide networks can be made ultracompact, showing limitless potential in scalability, complexity, and integrability for future nanocircuitry and nanodevices. The proposed GNR waveguide devices and structures open up an exciting field of mid-infrared graphene plasmonic integrated nanocircuits operating in deep sub-micron dimensions.
